Protein arginine methylation, one of the most abundant and important posttranslational modifications, is involved in a multitude of biological processes in eukaryotes, such as transcriptional regulation and RNA processing. Symmetric arginine dimethylation is required for snRNP biogenesis and is assumed to be essential for pre-mRNA splicing; however, except for in vitro evidence, whether it affects splicing in vivo remains elusive. Mutation in an Arabidopsis symmetric arginine dimethyltransferase, AtPRMT5, causes pleiotropic developmental defects, including late flowering, but the underlying molecular mechanism is largely unknown. Here we show that AtPRMT5 methylates a wide spectrum of substrates, including some RNA binding or processing factors and U snRNP AtSmD1, D3, and AtLSm4 proteins, which are involved in RNA metabolism. RNA-seq analyses reveal that AtPRMT5 deficiency causes splicing defects in hundreds of genes involved in multiple biological processes. The splicing defects are identified in transcripts of several RNA processing factors involved in regulating flowering time. In particular, splicing defects at the flowering regulator FLOWERING LOCUS KH DOMAIN (FLK) in atprmt5 mutants reduce its functional transcript and protein levels, resulting in the up-regulation of a flowering repressor FLOWERING LOCUS C (FLC) and consequently late flowering. Taken together, our findings uncover an essential role for arginine methylation in proper premRNA splicing that impacts diverse developmental processes. P RMT5 is a type II protein arginine methyltransferase that catalyzes the formation of monomethylarginine and symmetric ω-N G , N′ G -dimethylarginine (SDMA) (1). PRMT5 is highly conserved among yeast, animals, and higher plants, and is implicated in diverse cellular and biological processes, including transcriptional regulation, RNA metabolism (1, 2), ribosome biogenesis (3), Golgi apparatus structure maintenance (4), and cell cycle regulation (5). In mouse, fly, and worm, PRMT5 orthologs are involved in germ-cell formation, specification, and maintenance (6-10).
Protein arginine methylation, one of the most abundant and important posttranslational modifications, is involved in a multitude of biological processes in eukaryotes, such as transcriptional regulation and RNA processing. Symmetric arginine dimethylation is required for snRNP biogenesis and is assumed to be essential for pre-mRNA splicing; however, except for in vitro evidence, whether it affects splicing in vivo remains elusive. Mutation in an Arabidopsis symmetric arginine dimethyltransferase, AtPRMT5, causes pleiotropic developmental defects, including late flowering, but the underlying molecular mechanism is largely unknown. Here we show that AtPRMT5 methylates a wide spectrum of substrates, including some RNA binding or processing factors and U snRNP AtSmD1, D3, and AtLSm4 proteins, which are involved in RNA metabolism. RNA-seq analyses reveal that AtPRMT5 deficiency causes splicing defects in hundreds of genes involved in multiple biological processes. The splicing defects are identified in transcripts of several RNA processing factors involved in regulating flowering time. In particular, splicing defects at the flowering regulator FLOWERING LOCUS KH DOMAIN (FLK) in atprmt5 mutants reduce its functional transcript and protein levels, resulting in the up-regulation of a flowering repressor FLOWERING LOCUS C (FLC) and consequently late flowering. Taken together, our findings uncover an essential role for arginine methylation in proper premRNA splicing that impacts diverse developmental processes. P RMT5 is a type II protein arginine methyltransferase that catalyzes the formation of monomethylarginine and symmetric ω-N G , N′ G -dimethylarginine (SDMA) (1) . PRMT5 is highly conserved among yeast, animals, and higher plants, and is implicated in diverse cellular and biological processes, including transcriptional regulation, RNA metabolism (1, 2), ribosome biogenesis (3), Golgi apparatus structure maintenance (4) , and cell cycle regulation (5) . In mouse, fly, and worm, PRMT5 orthologs are involved in germ-cell formation, specification, and maintenance (6) (7) (8) (9) (10) .
In mammalian cells, PRMT5 localizes to both the cytoplasm and the nucleus, and methylates multiple histone and nonhistone proteins (1) . In the nucleus, PRMT5 usually functions in repressing target genes by methylating histone H4 Arginine 3 (H4R3), H3R8, as well as transcription factors/regulators (5, 11, 12) . In the cytoplasm, PRMT5 mainly exists in a 20S methylosome complex, consisting of spliceosomal U snRNP (uridinerich small nuclear riboucleoprotein particles) Sm proteins (including Sm B/B′, D1, D2, D3, E, F, and G), PRMT5, pICln, and WD repeat protein/MEP50 (13) (14) (15) . In this complex, U1, 2, 4, 5 snRNP Sm proteins Sm B/B′, D1, D3, and U6 snRNP-specific Sm-like protein LSm4 are symmetrically dimethylated by PRMT5 (13, 16) . Such methylation can increase the binding affinity of these Sm proteins for the downstream recipient, Survival Motor Neuron, the spinal muscular atrophy disease gene product (17, 18) . Subsequently, the PRMT5-and Survival Motor Neuroncomplexes cooperate to load the Sm proteins onto U snRNAs, forming U snRNPs (19, 20) . As such, it is assumed that symmetric arginine dimethylation is essential for pre-mRNA splicing; however, only in vitro biochemical evidence has emerged (21) , and to what extent PRMT5 affects splicing in vivo remains elusive.
AtPRMT5, an Arabidopsis homolog of human PRMT5, was defined as a type II enzyme for its ability to symmetrically dimethylate histone H4, H2A, and myelin basic protein in vitro (22) . AtPRMT5 deficiency causes pleiotropic phenotypes, including delayed flowering, growth retardation, dark green and curled leaves, and reduced sensitivity to vernalization (22) (23) (24) , implying a critical role for AtPRMT5 in regulating essential developmental processes in Arabidopsis. However, how AtPRMT5 impacts these biological processes is largely unknown.
In this study, we show that in addition to histones, AtPRMT5 methylates various nonhistone substrates, including RNA processing factors, U snRNP AtSmD1, D3, and AtLSm4 proteins. We also show that mutations in AtPRMT5 leads to splicing defects in hundreds of genes that are involved in multiple cellular and biological processes. In addition, transcripts of several RNA processing factors involved in regulating flowering time are identified to have splicing defects in atprmt5 mutants. We further demonstrate that splicing defects at the first intron of FLK (FLOWERING LOCUS KH DOMAIN) reduce its functional transcript and protein levels leading to the up-regulation of FLC (FLOWERING LOCUS C). Our findings uncover an important link between arginine methylation and proper pre-mRNA splicing.
Results

AtPRMT5
Methylates a Large Spectrum of Proteins. Our previous study showed that AtPRMT5 catalyzes symmetric dimethylation of H4R3 (H4R3me2s) in vitro (22) . To test whether loss of function of AtPRMT5 affects global H4R3me2s levels in vivo, we used an anti-H4R3me2s antibody to probe acidic extracts from atprmt5 mutants and wild-type Columbia (Col); however, no significant change was detected at H4 (Fig. S1 ). Nevertheless, some additional bands were only observed in Col but not in atprmt5
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Data deposition: The RNA sequencing dataset was deposited in the Gene Expression Omnibus database at NCBI (accession no. GSE21323). mutants, suggesting the cross-reaction of the anti-H4R3me2s antibody with many SDMA-containing nonhistone proteins, which are putative in vivo substrates of AtPRMT5.
To identify these substrates of AtPRMT5 in vivo, a proteomic approach of 2D electrophoresis (2-DE) combined with immunoblotting analysis was employed using anti-H4R3me2s and two symmetric arginine dimethyl-specific antibodies, SYM10 (21) and SYM11 (25) . Through this method, 29 protein spots, for which the immuoblotting signals were completely lost in atprmt5 mutants, were initially found (Fig. S2 ) and subsequently identified by MALDI-TOF MS as representing 26 proteins (Table S1 ). These substrates were involved in multiple biological networks, including response to stress, response to abiotic and biotic stimulus, and response to metal ion, as well as DNA, RNA, and protein metabolism (Table S1 ), which is consistent with the pleiotropic phenotypes of atprmt5 mutants.
Among the methylated proteins identified by MS, 15% are RNA binding or processing factors. Arabidopsis glycine-rich RNA-binding protein 7 (AtGRP7) and AtGRP8 were detected by anti-H4R3me2s or SYM10 antibodies in Col, but not in atprmt5 mutants (Fig. 1A and Table S1 ), and further analysis proved that Arginine 141 (R141) in both AtGRP7 and AtGRP8 were methylated (Fig. S3 ). In vitro methyltransferase activity assay also confirmed that they were substrates of AtPRMT5 (Fig.  1B) , indicating that they are bona fide AtPRMT5 substrates. AtGRP7 and AtGRP8 are homologs of human heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) and hnRNP A2/B1 that negatively regulate pre-mRNA splicing by competing with splicing factors (26) . AtGRP7 and AtGRP8 have been also reported to autoregulate and reciprocally crossregulate the splicing of their pre-mRNAs (27) .
In addition to hnRNPs, it has been reported that U snRNP Sm core proteins are affected by arginine methylation inhibitors (21, 28) . In Arabidopsis, SmD1, D3, and LSm4 are conserved (Fig.  S4 ). AtSmD1 proteins (AtSmD1-a and AtSmD1-b) and AtSmD3 proteins (AtSmD3-a and AtSmD3-b) are encoded by duplicated genes (26) . Similar to human Sm protein, the C-terminal regions of AtSmD1, AtSmD3, and AtLSm4 proteins contain several RG di-peptides (Fig. S4 ). Methyltransferase activity assay showed that AtSmD1, D3, and AtLSm4 proteins could be methylated by AtPRMT5 in vitro (Fig. 1C) . Consistently, methylation levels of AtSmD1b and AtLSm4 in atprmt5 mutants were largely decreased compared with those in Col (Fig. 1D ). This conserved modification from mammals to plants highlights the importance of SDMA in Sm and LSm proteins. (Table S2 ). Approximately 91% of total matched reads were mapped to unique loci, representing 13,407 and 13,703 intron-containing genes in Col and atprmt5 mutants, respectively [(reads per kilobase of exons per million mapped reads) RPKM > 3] (Table S2) . Compared with Col, 648 intron retention events out of 600 genes were represented by aberrant transcripts in atprmt5 mutants (P < 0.01, intron reads coverage > 80%), demonstrating that AtPRMT5 regulates genome-wide pre-mRNA splicing. The intron retention events (P < 0.01, intron reads coverage ≥ 95%) in atprmt5 mutants were listed in Dataset S1. Fourteen of 16 selected genes were further validated by RT-PCR using intron-flanking primers (Table S3) , in which the corresponding retained introns were detected in atprmt5 mutants, but not in Col (Fig. 2) .
In a previous study, Laubinger et al. showed that SERRATE (SE) and cap-binding complex proteins (CBP80/ABH1 and CBP20) are involved in pre-mRNA splicing, and the first intron is prone to being retained in cbp20, cbp80 (abh1-753), and se mutants, which is consistent with their functions of 5′ cap binding (29) . Here the distributions of retained introns did not show such preference in atprmt5 mutants (Fig. S5 ). In addition, only 13 of 600 aberrantly spliced genes overlapped with those affected in se, cbp80, and cbp20 mutants, indicating that AtPRMT5 regulates splicing differently from SE and CBP80. We also found that premRNAs with more introns tended to undergo aberrant splicing in atprmt5 mutants. The median number of introns in introncontaining genes is four in the Arabidopsis genome (30) , whereas that of the affected transcripts in atprmt5 mutants is eight. A similar result was observed in survival motor neuron-deficiency mammals as well (31), indicating a widely conserved mechanism among eukaryotes that pre-mRNAs with more introns (exons) are susceptible to splicing changes. Gene Ontology (GO) analysis of the genes undergoing aberrant splicing in atprmt5 mutants revealed that they were involved in many biological processes, including response to abiotic stimulus (P = 2.09 × 10 ), and so on (Fig. 3) , suggesting that AtPRMT5 is involved in various biological processes through regulating pre-mRNA splicing, consistent with the pleiotropic phenotypes of atprmt5 mutants.
AtPRMT5 Regulates Pre-mRNA Splicing of Several RNA ProcessingRelated Flowering Time Regulators. Among all of the defects of atprmt5 mutants, FLC-dependent late flowering is one of the most important phenotypes, because flowering time determination is essential for successful sexual reproduction. In the complicated flowering regulation networks, many RNA processing factors were reported to affect flowering time through either posttranscriptional or unknown mechanisms (32) . Here, some transcripts encoding RNA processing factors were identified to have splicing defects in atprmt5 mutants, including HUA2 (a floral repressor that functions in pre-mRNA processing of AGAMOUS) (33, 34) , FLK (a KH motif-containing putative RNA binding protein) (35, 36) , SRp30 (a serine-arginine rich RNA binding protein involved in pre-mRNA splicing through 5′ splice site selection) (37), PRP39 (a homolog of the yeast mRNA processing protein Prp39p that affects 5′ splice site selection) (38, 39) , SE (40), CBP80, and CBP20 (29) . Compared with Col and atprmt10 mutants (mutation of a plant-specific asymmetric arginine methyltransferase causing a late flowering phenotype independent of AtPRMT5) (41), the corresponding introns of these mRNAs are inefficiently spliced in atprmt5 mutants (Fig.  4) . It is worth noting that mutations in SE, CBP80, and CBP20 also cause aberrant splicing of FLK (29). However, except for FLK, other identified mRNAs were fully spliced in se-1 and cbp80 mutants (Fig. 4) , which further confirms that the involvement of AtPRMT5 in splicing is independent of SE and CBP80. These RNA processing factors function differently in both RNA processing and flowering pathways. Therefore, AtPRMT5 regulates the splicing of these RNA processing factors, which might subsequently affect mRNA metabolism and flowering time, and the late flowering phenotype of atprmt5 mutants is an integrative effect of splicing defects of diverse genes in distinct cellular processes rather than an effect on a single target.
FLK Splicing Defects Reduce Functional Transcript and Protein Levels of FLK. Our previous study showed the up-regulation of total transcripts of FLK and HUA2 in atprmt5 mutants (22) . Here, the results indicated that the increase of these total transcripts was caused by accumulation of the unspliced transcripts. In particular, the functional transcript of FLK, an autonomous pathway gene that promotes flowering by repressing FLC expression, decreased 30% in atprmt5 mutants, but the unspliced transcript with intron 1 retention (named as FLK long transcript, FLK L ) -log 10 (P-value) increased dramatically (Figs. 4 and 5A) . Therefore, we hypothesize that the up-regulation of FLC in atprmt5 mutants is caused by misregulation of FLK splicing.
To test this hypothesis, we generated two FLK cDNA constructs containing the first intron, namely wtFLK L (wild-type FLK L ) and mFLK L (mutated FLK L ), driven by the endogenous FLK promoter. Both constructs had identical sequences except for the 5′ and 3′ splice sites of the first intron (Fig. 5B) , in which mFLK L was mutated and expected to produce a long transcript with an unspliced first intron. Both wtFLK L and mFLK L were transformed into flk-1 mutants. As expected, RNA blot analysis showed that unlike wtFLK L , which can be fully spliced, mFLK L accumulated an unspliced FLK L transcript, which mimics the large transcript in atprmt5 mutants (Fig. 5C ) (RNA blot for FLK). The transgenic plants with wtFLK L , but not mFLK L , rescued the late-flowering phenotype of flk-1 mutants with low FLC expression, indicating that wtFLK L was fully functional; but the unproductive splicing form FLK L could not repress FLC expression and hence failed to promote flowering (Fig. 5C ). In addition, FLK protein levels were low in atprmt5 compared with Col and atprmt5 mutants rescued with AtPRMT5 (Fig. 5D) . Thus, in atprmt5 mutants, FLK L could not compensate for the decrease in FLK mRNA, resulting in the reduction of both functional mRNA and protein levels of FLK. To determine whether the derepression of FLC in atprmt5 may be caused by deficiency of FLK splicing, we analyzed the atprmt5 flk-1 double mutants. FLC mRNA levels in the atprmt5 flk-1 double mutants were similar to those in flk-1 single mutants, indicating that the derepression of FLC in atprmt5 was partially caused by deficiency of FLK splicing and FLK is a major target for AtPRMT5 to regulate FLC expression (Fig. 5E ).
Discussion
Our analysis provides biochemical and genetic evidence showing that AtPRMT5 methylates diverse substrates and globally affects pre-mRNA splicing under normal growth conditions. This finding is consistent with the pleiotropic phenotypes of atprmt5 mutants. Our findings uncover a general role of AtPRMT5 in pre-mRNA splicing and RNA metabolism, as well as the participation of AtPRMT5 in response to diverse environmental stimuli and in multiple developmental processes. Therefore, we propose that AtPRMT5 methylates histones and many nonhistone proteins. Through histone modifications, AtPRMT5 could directly regulate transcription at the target loci. Histone H4R3 modifications may also provide a mark for coupling the regulation of transcription and alternative splicing similar to the H3K36me3 mark reported recently (42) . Through many other nonhistone modifications, AtPRMT5 could directly or indirectly affect pre-mRNA splicing. Therefore, the involvement of AtPRMT5 in plant developmental processes is the integrative effects attributed to the accurate splicing of diverse genes that are not restricted to any single target (Fig. 6) .
RNA splicing is a key posttranscriptional regulatory mechanism, conferring extensive proteomic and regulatory diversity to provide more complex genome information. Accurate pre-mRNA splicing, modulated by cis-acting elements and trans-acting factors, is crucial for proper gene expression and normal cellular functions. In humans, disrupted splicing can cause various diseases directly. For example, spinal muscular atrophy (SMA), a common genetic motor neuron-degenerative disease, is caused by mutations in the Survival Motor Neurons (SMN) gene involved in snRNP assembly (43) . SMN deficiency results in widespread splicing defects and, therefore, SMA is a general splicing disease (31) . SMN may not be a direct substrate of PRMT5; however, Sm B/B′, D1, and D3 are symmetrically dimethylated by PRMT5, increasing the binding affinity between Sm proteins and SMN-complex to promote U snRNP assembly (44) . Although direct evidence between PRMT5 and pre-mRNA splicing is lacking in humans, given the fact that PRMT5 is an evolutionarily conserved protein and symmetric arginine dimethylation of Sm proteins by PRMT5 is required for snRNP assembly (20), it will not be surprising if mutations in human PRMT5 cause widespread splicing defects, which may be because of the multiple functions for PRMT5. A genome-wide study reports that at least ∼42% of introncontaining genes in Arabidopsis are subject to alternative splicing under various stress conditions (45) . It is well known that in addition to endogenous signals, proper growth and development of plants are also regulated by environmental cues, such as light, temperature, nutrition, and stress. As a trans-acting factor in premRNA splicing by methylating certain RNA processing factors and U snRNP AtSmD1, D3, and AtLSm4 proteins, AtPRMT5 provides an extra layer of control for proper gene expression and transcriptome plasticity at different developmental stages. Based on the basic function of AtPRMT5 and the pleiotropic phenotypes of atprmt5 mutants, it can be predicted that AtPRMT5 is involved in many other physiological processes besides those we observed here.
By comparing the methylation status between Col and atprmt5 mutants, we successfully identified several dozen proteins as candidate substrates for AtPRMT5 in vivo. Because 2-DE immunoblotting methods show limited recovery of proteins with pI outside the range of 3 to 10, these identified proteins may only represent a small portion of the total AtPRMT5 substrates in vivo. Both in vivo and in vitro data suggest that AtPRMT5 acts upon a large spectrum of substrates and this important posttranslational modification results in diverse consequences, such as regulating the binding affinity between proteins or between proteins and nucleic acids. Therefore, it would be interesting to identify more substrates of AtPRMT5 to better understand how AtPRMT5 is involved in various cellular and developmental processes.
Materials and Methods
Plant Materials and Growth Conditions. The atprmt5-1, atprmt5-2, and atprmt10-1 mutants and growth conditions were described previously (22, 41) . The mutant cbp80 (SALK_016753) was from the SALK T-DNA mutant collection.
Proteomic Analysis. The 2-DE and in-gel digestion analysis of total proteins from Col and atprmt5 plants were performed as described previously (46) . The digested peptides were analyzed by MALDI-TOF MS (Bruker-Franzen) and liquid chromatography tandem-MS (Micromass). Immunoblotting analysis was performed using antibodies against H4R3me2s (ab5823; Abcam), symmetric dimethyl-Arginine SYM10 (07-412; Millipore), and SYM11 (07-413; Millipore).
Coimmunoprecipitation Assay. Total proteins extracted from 12-d-old seedlings of AtSmD1b-GFP and AtLSm4-GFP transgenic plants were immunoprecipitated with anti-GFP monoclonal antibody (11814460001; Roche), and the immunoprecipitates were detected with anti-GFP polyclonal antibody (632460; Clontech) and antibody against symmetric dimethyl-arginine (SYM10; 07-412; Millipore).
RNA Sequencing. Total RNAs were extracted from 12-d-old seedlings of wild type Col and atprmt5-1 plants with TRIzol Reagent (15596-026; Invitrogen). Polyadenylated RNAs were isolated using the Oligotex mRNA Midi Kit (70042; Qiagen). The RNA-seq libraries were constructed using SOLiD Whole Transcriptome Analysis Kit following the standard protocol (AB, Applied Biosystems) and sequenced on the Applied Biosystems SOLiD platform to generate high-quality single-end reads of 35 nt in length.
RNA-seq Data Analysis. Arabidopsis genome sequences and annotated gene models were downloaded from TAIR9 (http://www.arabidopsis.org/). The raw reads were aligned to genome sequences using Bowtie 0.12.5 (47), trimming off a nucleotide each from the 5′ and 3′ ends and allowing up to two mismatches. All unmapped reads were aligned to splice junction sequences based on the TAIR9 gene model annotations with at least three bases on each side of the junction. Reads mapped to multiple locations were discarded and only uniquely mapped reads were used for subsequent analysis. The gene expression levels were measured in RPKM. The presence of more than 3 RPKM in total exons of a gene was the criterion for gene detection (48) .
Fisher's Exact Tests in R (http://www.r-project.org/) was performed to identify differential representation of introns in wild-type Col and atprmt5 mutants using read counts from an intron and the corresponding two flanking exons. The cut-offs in minimal-read frequencies of intron and flanking exons are 5 and 4 RPKM, respectively. In total, introns with more than 80% reads coverage and two-sided P value less than 0.01 were regarded as the intron retention events.
GO Analysis. GOEAST software was used for GO enrichment analysis (49) .
Data Deposition. The RNA sequencing dataset was deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE21323.
Additional methods are available in SI Materials and Methods.
